Complement-mediated opsonization of encapsulated Staphylococcus aureus (CP؉) of the predominant capsule types, 5 and 8, remains poorly understood. Our previous work showed that complement is important for mouse survival of CP؉ type 5 bacteremia and that the type 5 capsule inhibits the binding of opsonic C3 fragments to the organism. The importance of complement-mediated opsonization of CP؉ was tested by neutrophil phagocytosis assays. Complement-mediated opsonization of CP؉ increased phagocytosis by 57% compared to opsonization in complement-inhibited serum. Agar-grown CP؉, enhancing capsule expression, was phagocytosed only one-tenth as well as the capsule-negative organisms (CP؊), supporting the belief that staphylococcal polysaccharide capsules impair phagocytosis. Despite relatively poor phagocytosis of CP؉ compared to CP؊, complement activation increased the phagocytosis of CP؉ by 103%. Thus, complement in normal human serum may have an important role in opsonizing CP؉, even when capsule expression is strong. The ability of bound C3 fragments to interact with complement receptor 1 (CD35) on the membrane of human erythrocytes was tested in an immune adherence assay. S. aureus capsule was able to mask C3 fragments on the organism from binding to complement receptor 1. The inhibition of C3 binding to CP؉ and the masking of deposited C3 fragments caused by the presence of capsule was associated with markedly decreased phagocytosis. The addition of anti-capsule antibodies to normal human serum was found to markedly improve the recognition of deposited C3 fragments by complement receptor 1 even when the absolute number of C3 molecules bound to S. aureus was not increased.
Staphylococcus aureus is the most common cause of nosocomial bacterial infections and a frequent cause of communityacquired bacterial infections (4, 15) . S. aureus accounts for considerable morbidity, mortality, and medical expense and continues to increase in antibiotic resistance (11, 19, 21) . Adding immune-directed strategies to antibiotic therapy may provide a means to improve the outcomes of S. aureus infections and decrease medical costs.
The S. aureus serotypes (5 and 8) that account for 85% of clinical isolates are encapsulated (CPϩ), although the role of capsule in staphylococcal pathogenesis remains unclear (16, 22) . Isogenic, capsule-negative mutants (CPϪ) of serotype 5 and 8 strains are available to evaluate the effects of the polysaccharide capsule (1, 2) . Previous investigators have demonstrated that the capsule of these pathogenic strains diminish phagocytosis efficiency and increase mouse lethality from bacteremia (17, 23) .
Normal human serum (NHS) from nonimmunized individuals usually contains antibodies that will bind to S. aureus peptidoglycan and may contain antibodies against other S. aureus cell wall components (24, 26) . Antibodies that have affinity for the polysaccharide capsule of type 5 and type 8 S. aureus may also be found in NHS but are generally present only at very low levels, i.e., Ͻ10 g/ml (6, 25) . A vaccine has recently been developed by using protein-conjugated polysaccharide from the type 5 and 8 strains that promotes the generation of anti-capsule antibody. This vaccine is currently being evaluated for prevention of S. aureus bacteremia in human trials (20) .
The complement system serves as an important element of innate immune defense against many bacterial pathogens (reviewed in reference 8). Our previous work demonstrated that mice depleted of complement by cobra venom factor show markedly increased lethality, from 8 to 64%, after bacteremia with CPϩ S. aureus (5) . We confirmed that minimal capsule is expressed when CPϩ organisms are grown to mid-logarithmic phase, but significant capsule is expressed when CPϩ organisms are grown on agar or are in stationary-phase growth. When capsule is expressed the binding of opsonic C3 fragments is decreased. We also demonstrated that when CPϩ is incubated in serum considerable quantities of both C3b and iC3b, the major complement opsonins, were deposited on both log-phase and stationary-phase organisms.
In the present study, we confirm the opsonic importance of complement and antibody for efficient phagocytosis of CPϩ S. aureus. We evaluate the effect of capsule on the availability of C3 fragments bound to the CPϩ S. aureus to interact with complement receptors and how this influences phagocytosis. We also investigate how the presence of anti-capsule antibody against CPϩ can affect the availability of opsonic C3 fragments to interact with complement receptors.
MATERIALS AND METHODS
Bacterial strains. The encapsulated S. aureus strain used in these experiments was Reynolds (serotype 5). Strain JL022 is an unencapsulated mutant of strain Reynolds, constructed by allelic replacement mutagenesis, which carries a 727-bp deletion in the cap50 gene (18) . The JL022 strain was kindly provided by Jean Lee (Channing Laboratory, Boston, Mass.) Strains were cultivated in Columbia medium with 2% NaCl to enhance capsule expression. Colonies of S. aureus grown overnight were inoculated into Columbia-2% NaCl broth and incubated at 37°C with rotary agitation to the mid-logarithmic phase of growth. Solidmedium-grown organisms were grown on Columbia-2% NaCl agar plates at 37°C for 16 h. It is known that S. aureus Reynolds grown to mid-logarithmic phase, as described above, expresses minimal capsule and, when grown on agar, expresses large amounts of capsule (5) .
Complement buffers. Experiments of complement activation were performed in isotonic Veronal-buffered saline (VBS). In GVBS ϩϩ buffer (VBS with 0.1% gelatin, 0.15 mM CaCl 2 , and 1.0 mM MgCl 2 ), all complement activation pathways are active. In EDTA-GVBS ϪϪ buffer (VBS with 0.1% gelatin, 0.01 M EDTA), all complement activation pathways are inhibited.
Complement and immunoglobulin sources. Healthy volunteers donated NHS that was shown to have normal levels of total hemolytic complement and total alternative hemolytic pathway complement activity. Blood was obtained for serum in Vacutainer (Becton Dickinson, Franklin Lakes, N.J.) tubes without additives, allowed to clot at room temperature, and centrifuged to remove cellular components. Serum samples were stored at Ϫ80°C for up to 3 months.
Antistaphylococcal-antibody-depleted serum samples were prepared by adsorbing 1 ml of NHS with 10 10 CFU of solid-grown Reynolds organisms at 0°C (to prevent complement activation) for 1 h. This procedure was repeated for a total of three adsorptions for each sample.
Anti-capsule antibody (Altastaph, Nabi, Inc., Rockville, Md.) was kindly provided by A. Fattom. Altastaph is a human polyclonal product derived from the pooled sera of individuals immunized with conjugated capsule polysaccharide 5 and capsule polysaccharide 8 (6) .
Neutrophils and erythrocytes. Blood for neutrophils was obtained from healthy human volunteers in Vacutainer K 3 EDTA tubes. The neutrophil layer was recovered after sedimentation with neutrophil isolation media NIM (Cardinal Associates, Inc., Santa Fe, N.Mex.). Neutrophils were washed twice with Hanks balanced salt solution (HBSS; Gibco, Grand Island, N.Y.), incubated for 10 s in distilled H 2 O to lyse the remaining erythrocytes, and then returned to HBSS. This cell suspension was then checked by trypan blue staining for cell viability (Ͼ95%), and cell density was determined by using a hemocytometer. Cell density was then brought to 5 ϫ 10 5 cells/ml. Erythrocytes for immune adherence experiments were obtained from healthy volunteers in Vacutainer K 3 EDTA tubes. Cells were washed in EDTA-GVBS ϪϪ buffer twice and incubated in the same buffer for 20 min at 37°C. Cells were then washed twice in GVBS ϩϩ buffer and brought to 0.5 ϫ 10 8 cells/ml by photospectroscopy.
S. aureus opsonization. Bacteria grown to mid-logarithmic phase in liquid media were washed twice in GVBS ϩϩ buffer and suspended in the same buffer to a concentration of 10 9 CFU/ml by photospectroscopy at 600 nm. Bacteria grown on agar were suspended in GVBS ϩϩ buffer and diluted to 10 9 CFU/ml. Bacteria were then diluted to 10 8 CFU/ml in GVBS ϩϩ buffer and incubated with 2% serum, unless otherwise noted, at 37°C with agitation for 30 min. This concentration of serum was shown to provide maximal C3 binding in earlier studies (5) . The bacteria were then washed twice with cold EDTA-GVBS ϪϪ buffer and suspended to 10 8 CFU/ml in GVBS ϩϩ buffer. No decrease in S. aureus viability was found in any of the complement buffers used over 30 min.
Phagocytosis assays. Opsonized bacteria were washed and suspended to 10 8 CFU/ml. Neutrophil suspensions (5 ϫ 10 5 cells/ml) and bacterial suspensions were mixed in equal volumes on a coverslip and incubated at 37°C in 5% CO 2 for 30 min. The coverslips were washed with HBSS four times, stained with 0.01% acridine orange (Sigma-Aldrich, St. Louis, Mo.) for 70 s, washed in HBSS, and counterstained with 0.05% crystal violet in 0.15 M NaCl to quench acridine orange staining of extracellular bacteria. The coverslips were then washed in HBSS, washed in distilled H 2 O, dried, and mounted. Bacteria and neutrophils were visualized by fluorescent microscopy by using acridine orange-specific filters. Each coverslip was visualized under oil immersion with a ϫ100 magnification lens by a third party who played no role in the experimental design or analysis. Three to five randomly selected high-power fields were visualized for each slide, and the number of neutrophils and number of bacteria engulfed in neutrophils were summed and averaged as the number of bacteria/neutrophil.
Immune adherence assays. The immune adherence test evaluates the ability of membrane-bound human CR1, present on the surface of human erythrocytes, to interact with particle bound C3 causing cross-agglutination (3, 10) . Opsonized bacterial suspensions were washed and added to human erythrocytes to achieve a total volume of 60 l containing 2.5 ϫ 10 6 erythrocytes and 2.5 ϫ 10 6 bacteria. These mixtures were then placed in wells of a 96-well U-bottom plate (Nalge Nunc International, Naperville, Ill.) and incubated for 1 h at room temperature prior to reading. Readings were graded visually for aggregation on a scale of 0 to 4ϩ, compared to positive and negative immune adherence controls.
C3 binding quantitation by 125 I-labeled anti-C3 antibody. Goat anti-human C3 antibody that recognizes all C3 fragments was prepared in our laboratory. The immunoglobulin G fraction was purified by caprilic acid and ammonium sulfate precipitation. The antibodies were radiolabeled with 125 I (Amersham Co., Arlington Heights, Ill.) by using Iodobeads (Pierce Chemical Co., Rockford, Ill.) to a specific activity of 3.3 ϫ 10 5 cpm/g. Radiolabeled anti-C3 antibody was added to unlabeled anti-C3 antibody at a 1:50 dilution.
To determine the relative amount of C3 bound, opsonized and washed S. aureus organisms at a concentration of 5 ϫ 10 7 CFU/ml were incubated in a saturating quantity of trace-radiolabeled anti-C3 antibody (0.025 mg/ml) for 60 min at room temperature. The bacteria were thoroughly washed, and the counts per minute (cpm) were determined by gamma spectrometer (Packard Cobra II, Meridien, Conn.). Specific binding was determined by subtracting the cpm/10 6 CFU in EDTA-GVBS ϪϪ buffer from the total cpm/10 6 CFU in GVBS ϩϩ buffer. Determination of C3 binding by 125 I-C3. As an independent quantitative C3 standard, purified human C3 (Advanced Research Technologies, Inc., San Diego, Cal.) was trace radiolabeled with 125 I by using Iodobeads to a specific activity of 10 6 cpm/g. 125 I-labeled C3 ( 125 I-C3) was added to serum at a 1:50 ratio of labeled C3 to unlabeled C3 molecules.
Opsonized and washed S. aureus at 5 ϫ 10 7 CFU/ml were incubated with 2% serum containing trace amounts of 125 I-C3 in standard complement buffers for 30 min at 37°C. The bacteria were thoroughly washed, and the cpm were determined by using a gamma spectrometer. The total numbers of C3 molecules bound per bacterium were calculated as follows: [(cpm/cpm per molecule of 125 I-C3) ϫ (50 molecules of unlabeled C3/molecule of 125 I-C3)]/CFU in the pellet. Specific binding was determined by subtracting C3/CFU in EDTA-GVBS ϪϪ buffer from C3/CFU in GVBS ϩϩ buffer. C3 fragments on agar-grown S. aureus. Agar-grown CPϩ organisms were opsonized in fresh human serum either with 1% anti-capsule antibody or without anti-capsule antibody. EA were prepared to provide a standard for iC3b fragments by sensitizing sheep erythrocytes with anti-Forssman antigen antibody (i.e., EA) and incubation in 10% C8-depleted human serum at 37°C for 30 min. iC3b-coated EA were then lysed with water to remove hemoglobin. Opsonized bacteria and lysed EA were washed and then incubated with 25 mM methylamine for 60 min at 37°C to release ester linkage-bound C3 fragments attached to the organism surface. The bacteria were pelleted by centifugation, and the supernatants were recovered and processed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Western blot analysis was performed by using goat antihuman C3 antibody (generated in our laboratory) and enhanced chemiluminescence.
Statistical analysis. Error bars indicate the standard deviation (Excel 98; Microsoft Co., Redmond, Wash.) or the standard error of the sample means (VassarStats [www.faculty.vassar.edu/ϳlowry/VassarStats.html]), as indicated. P values were determined by using the unpaired two-tailed Student t test assuming unequal variance (Microsoft Excel 98).
RESULTS
Complement and antibody contribute to the phagocytosis of pathogenic S. aureus. Phagocytosis assays were first performed to test the relative contributions of complement, antibody present in the serum of nonimmunized individuals, and staphylococcal polysaccharide capsule on neutrophil phagocytosis efficiency (Fig. 1) . Phagocytosis of agar-grown CPϪ bacteria opsonized by complement in NHS was 57% more extensive (bacteria/neutrophil) compared to phagocytosis in EDTA-serum, in which complement activation was prevented (P ϭ 0.03). When grown on agar, conditions that enhance capsule expression of encapsulated organisms, the unencapsulated isogenic mutant (CPϪ) was phagocytosed 10 times more efficiently than the encapsulated strain (CPϩ). Interestingly, although agar-grown CPϩ was poorly phagocytosed compared to the CPϪ strain, complement-mediated opsonization of CPϩ in NHS increased phagocytosis 103% compared to opsonization in complement-inactive EDTA-serum (P ϭ 0.006). Under conditions that did not allow complement to activate, for the CPϪ strain compared to sera in which antibodies were removed by adsorption against S. aureus (P ϭ 0.007). For the CPϩ strain, under the same conditions preventing complement activation, the antibodies present in NHS increased phagocytosis 225% compared to antibody-depleted adsorbed serum (P ϭ 0.01). Phagocytosis was also tested for the conditions of opsonization with 2% antibody depleted serum without complement inhibition. We found bacterium-per-polymorphonuclear-leukocyte values to be similar to those for the condition of antibody depletion plus complement inhibition (data not shown). This finding is consistent with our previous observation that C3 binding to S. aureus in 2% serum is 90% by the classical pathway and suggests that for efficient phagocytosis of S. aureus in 2% serum the classical pathway is more critical than the alternative pathway.
Phagocytosis efficiency of encapsulated S. aureus with increasing concentrations of serum. We were interested in whether the antiphagocytic effects of the polysaccharide could be overcome by incubating the bacteria in increasing concentrations of serum providing more opsonins to deposit on the CPϩ S. aureus surface. For the solid-grown CPϩ strain, increasing serum concentrations from 2% even up to 50% did not show any appreciable improvement in phagocytosis efficiency (Fig. 2) .
Immune adherence with encapsulated and unencapsulated S. aureus. As one way of evaluating the availability of opsonic C3 fragments on the S. aureus surface to interact with cellular membrane bound complement receptors, we studied immune adherence (Table 1) . If the complement receptor for C3b (CD35) on human erythrocytes is able to bind its ligand on the surface of C3-coated bacteria, the erythrocytes demonstrate a pattern of agglutination termed positive immune adherence. The quantity of C3 bound to the bacteria was also examined to evaluate the importance of total C3 on the bacteria relative to the availability of the ligand to bind its receptor. The CPϩ strain Reynolds was tested in mid-logarithmic phase, when little capsule is expressed, and after growth on solid media,
FIG. 1. Neutrophil phagocytosis efficiency for CPϩ and CPϪ strains grown on agar and opsonized in 2% serum with complement active in GVBS
ϩϩ buffer (NHS ϩ complement), in 2% serum with complement activation inhibited in EDTA-GVBS ϪϪ buffer (NHS Ϫ complement), and in 2% anti-staphylococcal antibody-depleted serum with complement activation inhibited (Ab depl. Ϫ Complement). Phagocytosis efficiency was determined by acridine orange-crystal violet staining of neutrophils and counting the engulfed bacteria by using fluorescence microscopy. Each datum point represents the mean number of bacteria/neutrophil for four to five high-power fields from four independent experiments; more than 100 neutrophils were counted for each experiement. The error bars represent the standard error of the mean (SEM).
FIG. 2. Neutrophil phagocytosis efficiency for CPϩ and CPϪ strains grown on agar and opsonized in various concentrations of NHS.
Phagocytosis efficiency was determined by acridine orange-crystal violet staining of neutrophils and by counting the engulfed bacteria by using fluorescence microscopy. Each datum point represents the mean number of bacteria/neutrophil for three to five high-power fields for three independent experiments. The error bars represent the SEM. When grown on agar the CPϩ strain is always immune adherence negative. C3 binding, immune adherence, and phagocytosis for CP؉ and CP؊ S. aureus. The binding of the major complement opsonin C3 and the availability of bound C3 fragments to interact with erythrocyte complement receptors, as indicated by immune adherence, were correlated with their relationship to phagocytosis by neutrophils (Fig. 3) . These tests were performed with agar-grown encapsulated S. aureus and its isogenic capsule-negative mutant. C3 binding was three times greater for the CPϪ strain than for the CPϩ strain (P ϭ 0.003). Immune adherence for the CPϪ strain was maximal, whereas immune adherence for the CPϩ strain was undetectable. Phagocytosis by neutrophils was 10 times greater for the CPϪ strain than the CPϩ strain (P Ͻ 0.001).
Immune adherence and C3 binding in the presence of anticapsule antibody. In order to evaluate the effect of anti-capsule antibody on the availability of bound C3 fragments to interact with complement receptors immune adherence was tested with agar-grown CPϩ that we have shown have high capsule expression (Table 2) . C3 binding to the organism was also assessed to determine whether effects produced by anti-capsule antibody are attributable to the amount of C3 on the S. aureus surface. As previously demonstrated immune adherence with agar-grown CPϩ is undetectable at all serum concentrations. Interestingly, the amount of C3 binding was equal for anticapsule antibody concentrations of 1, 0.2, and 0%. However, immune adherence increased in a dose-response-related manner as anti-capsule antibody was added to the serum. The anticapsule antibody did not cause immune adherence in the absence of complement.
C3 fragments on agar-grown CP؉ after incubation with serum and anti-capsule antibody. In order to evaluate whether anti-capsule antibody changes the fragments of C3 found on the S. aureus surface, we examined bacterial eluates by Western blot analysis (Fig. 4) . This analysis of C3 fragments on agar-grown CPϩ after incubation with fresh human serum showed predominantly iC3b fragments, as well as C3b fragments. The addition of 1% anti-capsule antibody, a sufficient quantity to dramatically increase immune adherence, to the serum prior to incubation with agar-grown CPϩ showed a C3 fragment pattern identical to that seen in the absence of anticapsule antibody.
DISCUSSION
Complement is a critical component of innate immunity and in vitro experiments suggest that complement is important in   FIG. 3 . Agar-grown CPϩ and CPϪ strains opsonized in 2% NHS and evaluated for C3 binding (C3/CFU) (A), immune adherence (AI) (B), and phagocytosis by neutrophils (C3/PMN) (C). C3 binding was determined by adding trace radiolabeled C3 to NHS and counting the gamma emissions. Each datum point represents the mean of six separate determinations. Immune adherence was determined by incubation of opsonized bacteria with human erythrocytes followed by visual scoring. The readings were identical for four separate determinations. Phagocytosis efficiency was determined by acridine orange-crystal violet staining of neutrophils and counting engulfed bacteria by fluorescence microscopy. Each datum point represents the mean number of bacteria/neutrophil for four to five high-power fields from four independent experiments. The error bars represent the SEM. increasing neutrophil phagocytosis of several staphylococcal strains (13, 27) . We have previously reported that complement is important for survival of CPϩ S. aureus bacteremia in mouse models and that the presence of capsule decreases binding of opsonic complement C3 fragments (5). However, the activation of complement, the availability of bound opsonic complement to interact with membrane complement receptors and the effect of anti-capsule antibody on C3 binding have not been evaluated for their influence on the phagocytosis of pathogenic type 5 encapsulated S. aureus. These experiments show that complement activation and the antibodies in serum, from individuals not specifically immunized, strongly improves phagocytosis. We confirm, as other investigators have demonstrated, that strong capsule expression by CPϩ strains decreases phagocytosis compared to CPϪ isogenic strains under the same conditions (17, 23) . For the CPϪ strain it was expected that complement activation and the presence of antibodies in NHS would strongly increase phagocytosis as these opsonins should be readily available for interaction with their receptors on the neutrophil surface. One might expect that the effects of opsonins on phagocytosis of the CPϩ strain grown on agar, promoting strong capsule expression, would be partially masked by the capsule. As expected, phagocytosis efficiency of agar-grown CPϩ organisms was only one-tenth that of CPϪ organisms. Surprisingly, complement activation still increased phagocytosis for the CPϩ strain by 103%, even though the overall efficiency of phagocytosis of CPϩ was much less than for CPϪ. This suggests that the capsule is only partially protective against opsonins and complement activation is still important for controlling CPϩ S. aureus, even under conditions of strong capsule expression. This is consistent with our previous findings that circulating complement is important for mouse survival of injection with agar-grown CPϩ S. aureus (5) .
Initial experiments showed that capsule strongly inhibited phagocytosis of CPϩ at a low serum concentration of 2%. We felt it would be important to know whether this inhibitory effect on phagocytosis could be overcome at higher serum concentrations, i.e., concentrations closer to that which might be encountered in the blood. Compared to 2% serum even serum concentrations of 50% caused no discernible increase in phagocytosis for CPϩ. We have previously shown that C3 binding to CPϩ at 30 min plateaus at 2 to 10% serum with all complement pathways active (5) . This suggests that lack of improved phagocytosis after CPϩ incubation at higher serum concentrations may reflect, at least in part, the saturation of C3 binding sites and the fact that increasing serum concentration does not overcome the effect of capsule.
Tests of immune adherence examine the ability of complement receptors on the cell membrane of human erythrocytes to interact with and bind to opsonic C3 fragments. For CPϩ grown to mid-logarithmic phase, when little capsule is expressed, immune adherence increased after incubation in increasing concentrations of serum and correlated nicely with the amount of C3 fragments bound to the organism. When CPϩ was grown on agar to promote capsule expression immune adherence was always negative, even when sufficient amounts of C3 were deposited to cause very strong immune adherence for the mid-logarithmic-phase organism. This suggests that the capsule of pathogenic S. aureus not only partially inhibits C3 binding but also masks deposited C3 fragments making them less available to complement receptors for C3. The fact that complement activation can increase phagocytosis efficiency when capsule is strongly expressed and immune adherence is negative suggests that CR1 on erythrocytes are less sensitive in detecting bacterium-bound C3 fragments than are neutrophils, which have CR1 and CR3 receptors and a more flexible cell membrane.
C3 binding and immune adherence were also tested with agar-grown CPϩ and CPϪ organisms and compared to phagocytosis efficiency by neutrophils. S. aureus capsule decreased the binding of C3 fragments to the organism and strongly inhibited immune adherence, again suggesting that capsule diminished the ability of complement receptors on erythrocytes to interact with C3 fragments on the bacteria. The findings correlated with the strong inhibition of phagocytosis of CPϩ organisms compared to CPϪ S. aureus. This suggests that the decreased phagocytosis caused by S. aureus capsule may, at least in part, result from fewer complement receptors on neutrophils being able to bind to C3 fragments deposited on the S. aureus surface.
Previous investigators have shown that anti-capsule antibody can increase phagocytosis efficiency of CPϩ S. aureus and decrease lethality from bacteremia in mice and decrease endocarditis in rats (7, 14) . It has also been shown that serum and anti-capsule polyclonal or serum and monoclonal antibody increases phagocytosis efficiency of CPϩ S. aureus compared to nonimmune serum (13) . These findings suggest that the CPϩ organisms are better opsonized in the presence of serum and anti-capsule antibody compared to the serum of nonimmunized donors. We speculated that some of the improved opsonization may be related to the increased availability of depos- FIG. 4 . Deposited C3 fragments on EA (antibody-sensitized sheep erythrocytes), agar-grown CPϩ strain Reynolds incubated with 10% NHS (CPϩ NHS), and agar-grown CPϩ incubated with 10% NHS with 1% anti-capsule antibody (CPϩ ␣CPϩ). The bound C3 fragments were released by treatment with 25 mM methylamine and then analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blotting with anti-C3 antibodies. The 104-kDa band represents the C3b ␣Ј chain, the 75-kDa band represents the C3 ␤ chain, the 63-kDa band represents iC3b ␣Ј 1 chain, and the 42-kDa band represents the iC3b ␣Ј 2 chain. The C3 fragments bound to EA are all from iC3b; both the C3b and the iC3b forms are found bound to strain Reynolds. We speculated that the increase in immune adherence for agar-grown CPϩ incubated with serum with 1% anti-capsule antibody could result from a change in the C3 fragments deposited on the S. aureus surface or capsule. Complement receptor 1 (CD35) is believed to have a greater affinity for C3b than iC3b, and C3b bound to antibody is relatively resistant to conversion to iC3b by the action of factors H and I (9). Western blot analysis of the C3 fragments deposited on the agargrown CPϩ did not show a change in the relative quantities of C3b and iC3b on the S. aureus surface with the addition of anti-capsule antibody to serum. The numbers of C3 fragments on the S. aureus surface and the ratio of C3b and iC3b fragments on the S. aureus surface were not changed by anticapsule antibody. This further suggests that the increase in immune adherence caused by anti-capsule antibody results from increased availability of C3 fragments to interact with membrane complement receptors.
Our findings suggest that complement-mediated opsonization of encapsulated type 5 S. aureus remains critical for efficient neutrophil phagocytosis, even though the capsule prevents optimal complement opsonization. Anti-capsule antibody dramatically improves the phagocytosis efficiency of complement-mediated opsonophagocytosis of S. aureus in vitro. This suggests that if anti-capsule S. aureus antibody were used therapeutically, complement-mediated opsonophagocytosis of S. aureus might be improved, presumably producing better host defense against this organism. Our findings parallel those found for complement-mediated opsonophagocytosis of encapsulated S. pneumoniae and E. coli. For encapsulated S. pneumoniae complement activity and anticapsule antibody have been shown to greatly improve phagocytosis efficiency by neutrophils and improve guinea pig survival of bacteremia (3) . Encapsulated E. coli also require complement activity and bacterium-specific antibody to optimize phagocytosis by neutrophils (12) .
In summary, we show in this report that complement activation and antibodies in nonimmune serum are important for efficient phagocytosis of pathogenic encapsulated S. aureus. The expression of capsule by CPϩ organisms decreases the ability of cell-bound complement receptors to interact with C3 fragments deposited on the S. aureus. The decreased binding of C3 fragments to CPϩ and masking of bound C3 fragments by capsule is associated with markedly decreased phagocytosis by neutrophils. The presence of anti-capsule antibodies during complement activation markedly improves the availability of C3 fragments bound to CPϩ to interact with complement receptors.
